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ABSTRACT Recently, nanofluids are introduced in the power utilities for the dielectric performance
enhancement of power transformer oil. The compactness and fault improvement of the power transformers
has resulted in the necessity of next-generation insulating fluid with inflated dielectric properties. This
article investigates the dielectric performance of the novel ester oil-based magnetic nanofluids with different
nanoparticles under different electric stress conditions. Two biodegradable fluids used as the base liquid
for the experiment are synthetic ester oil and natural ester oil while three magnetic nanoparticles used to
synthesize nanofluids are iron (II, III) oxide, cobalt (II, III) oxide, and iron phosphide. The concentrations
of the nanoparticles are varied to optimize the characteristics of the prepared nanofluids. The dielectric
breakdown and relative permittivity of the nanofluids have been experimentally investigated. Further, the
breakdown predictions have been performed using Weibull statistical distribution-based regression analysis.
The experimental results show the improvement in the characteristics of prepared nanofluids with the change
in nanoparticle concentration as compared with the host fluids.

INDEX TERMS Magnetic nanofluids, transformer oil, breakdown characteristics, Weibull distribution,
relative permittivity, Ester oil.

I. INTRODUCTION
The power transformer is the heart of the electric power sys-
tem due to vast applicabilities in the generation, transmission,
and distribution levels. The reliable and efficient operation of
the electrical power transformer significantly depends on its
insulation characteristics, as it constitutes the major portion
of the transformer failure. The insulating oil plays a crucial
role in the power transformer lifespan as it performs both
the insulation as well as the coolant functionality [1]. The
electrical power transformers during its operating life are
exposed to a variety of stresses, such as mechanical, thermal,
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electrical, and environmental stresses. The advancement in
power transformer comprises the objective of better electri-
cal and thermal insulation with minimum liquid insulation
quantity to diminish the transformer size [2]. The insulating
material must be able towithstand different stresses to prevent
short circuits and leakage currents. The conventional insulat-
ing oils are incapable to fulfill the compactness requirement
and face many faults with growing stresses. Therefore, new
liquid insulation or some additional supporting reagents are
requiredwith conventional oil should be developed tomeet all
demands of the futuristic power transformer. Consequently,
the evolution of nanotechnology in the power area is an
essential step towards improvement in liquid dielectrics [3].
Nanotechnology is flourishing rapidly due to the demand
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for improved quality of insulating oil and has become an
important part of the research.

The word ‘Nanofluid’ was coined by Dr. Stephen Choi in
the year 1993, where the nano-scaled sized particles-based
coolant was prepared for achieving improved stability and
thermal conductivity [4], [5]. Nanofluids (NFs) are described
as the colloidal suspension of nanoparticles (NPs) with the
size between 1 to 100 nm evenly dispersed in the insulat-
ing medium which can be created either by chemical or
physical processes [6]. It has anomalous physical, and ther-
mal transport properties. The small size of particles support
to deliver a stable suspension, better thermal conductivity,
reduced physical erosion, and lower pumping power. The
addition of a very little amount of NPs into the insulating
medium shows a noteworthy alteration in the electrical and
thermal properties [7]. The improvement due to NPs relies on
the numerous physical, chemical, and thermal characteristics
of NPs along with the base medium. The enhanced heat
transfer capability and electrical property have resulted in
the exploration of NFs to a vast extent, especially as the
alternative for transformer oil.

Magneto-Nanofluids (ferrofluids) contain evenly dis-
tributed NPs-based fluid which use magnetic NPs to
achieve superior dielectric property for transformer oil [8].
Recently, many types of research have been carried out on
magneto-NFs that show promising dielectric and thermal
properties as transformer oil [9]–[11]. Lv et al. [9] proposed
the magnetic NFs suitable for high voltage insulation by
verifying improved dielectric strength with NP concentration.
Rafiq et al. [10] illustrated an improvement with ac and
impulse breakdown strength on magnetic NFs with mineral
oil as the base fluid. While Kim and Lee [11], carried out
experiments on the breakdown strength of mineral oil-based
ferrofluids under the effect of the magnetic field displaying
promising results in high voltage applications. The improved
thermal and electrical properties of magnetic NFs in trans-
former windings also elevate the switching and lightning
impulse withstand capability of power transformer with the
insignificant impact of the moisture [12].

Several research papers in the breakdown of NFs have been
published in the present years. Danikas et al. [13] performed
some experimental work related to the breakdown charac-
teristics of natural ester oil and mineral oil. The breakdown
voltages of prepared NFs have been observed to be higher
when compared to the host oil. Table 1 shows different com-
mercially available liquid insulating materials used in power
transformers which are categorized into three main types:
mineral insulating oil, synthetic insulating oil, and vegetable
insulating oil [14].

Some of the works have been performed in the past regard-
ing the temperature affecting the NFs [15], [16]. In [15],
the authors performed the experimental analysis on the A.C
breakdown characteristics of host oil and ZrO2-based NFs
considering the effect of temperature. The results carried out
during this process were positive, as the higher breakdown
strength of NFs compared to host oil at higher temperatures

TABLE 1. Types of insulating oil [14].

was evident. The reason for the increase in the breakdown
voltage for any fluid is due to the reduction in the relative
humidity of oil. For NFs, NPs in the NF have the ability to
absorb moisture from the surrounding due to induced relative
interfacial polarization creating more robust fluid than host
oil [16].

While synthesizing the NFs, the stability of NF is a sig-
nificant requirement to attain a longer lifespan [17]. The
stability of NFs implies the consistent dispersion of NPs in
the insulating oil and restrict any settlement or coagulation
of NPs during its operating life [18]. The force of attraction
among NPs creates particle clusters that later deposit down
due to higher density [19]. Therefore, short term stability due
to the increasing size of clusters is the obstacle for any NFs
to be utilized in practical applications [9]. The limitation can
be overcome with the help of stabilizing agents known as
surfactants which vary depending on the NPs, base liquid, and
applications [19].

The main contribution of this article is to illustrate
the dielectric performance of the novel iron phosphide
NPs-based NF along with cobalt (II, III) oxide and iron
(II, III) oxide-based NF. The effectiveness of the prepared
magneto-NFs is determined by the dielectric characteristics
and breakdown strength measurement. The determined per-
formance provides the NF applicability as a conventional
transformer oil replacement. All these characteristics of the
prepared NFs and other NFs have been investigated and
discussed. Further, statistical analysis is presented to examine
the breakdown probability by theWeibull Distribution regres-
sion analysis.

The paper is organized as follows. The experimental work
on the dielectric strength of NFs is detailed in Section II. The
obtained results of prepared NFs along with the discussion
is presented in Section III. The conclusion is provided in
Section IV. Section V gives a comprehensive overview of
NFs and its characteristic properties.
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II. EXPERIMENTAL WORK
To validate the theoretical analysis, a series of experiments
were conducted to find the potential of NFs. Firstly, the
NPs and dielectric fluids are selected to prepare the NFs
based on their properties. The breakdown voltage (BDV) tests
are performed for each prepared NFs having different NP
concentrations through oil breakdown voltage tester. Further,
the relative permittivity of each prepared NFs is measured by
the dielectric constant kit. Step by step experimental work is
detailed as follows:

A. MATERIALS USED
The magnetic NPs picked for the experimental work are
iron phosphide (Fe3P), cobalt (II, III) oxide, and iron (II, III)
oxide. Cobalt (II, III) oxide and iron (II, III) oxide nanopar-
ticles were purchased from Sigma-Aldrich. Whereas, are
iron phosphide (Fe3P) microparticles was purchased from
Sigma-Aldrich and further synthesized by top-down nan-
otechnology approach to form nanopowder [20]. Dielectric
fluids taken in the experiment are commercially accessible
synthetic ester oil and natural ester oil. For stabilizing the NPs
oleic acid is used.

B. PREPARATION
Based on the number of steps, NFs can be manufactured
either in a one-step or two-stepmethod [21]. One-stepmethod
involves the dispersion and synthesis of NPs that are simul-
taneous, i.e., the processes of drying, storing, and transfer-
ence are not practiced and, therefore, results in enhancement
and minimization of agglomeration of stable nano-based oil.
While two-step process comprises a two-phase method i.e.,
synthesizing the nanofillers followed by the dispersing of
the nanofillers into the host fluid by utilizing mechanical
or thermal techniques (such as mechanical agitation, ultra-
sonication, and magnetic stirring).

The two-step technique reduces the probability of clusters
pertaining due to the force of attraction between the NPs,
which causes the settling of NPs. However, the coagulation
of the NPs could not be completely eliminated without using
surfactants. The magnetic NPs are efficiently coated with
oleic acid as a surfactant with oil as a base medium to provide
better stability in the insulating medium [22].

The surfactants are the stabilizing agents (may or may
not be added in the liquid) which are used for the proper
distribution of NPs into the solution to minimize the set-
tlement and coagulation of NPs [23]. Fe3P is a magnetic
nature bulky NP that requires stabilizing agents. The two-step
method is selected in this experimental work for the synthesis
of magnetic NFs as shown in Figure 1. For achieving the
active surface of the NPs, 10% concentration of the oleic acid
solution (500 ml solution) is intermixed by the application
of magnetic stirrer for a period. 10% concentration of the
oleic acid solution is taken to be 0% of NP concentration for
this experiment. Further, the desired quantity of NPs is added
to the prepared solution. NPs concentrations in the scale of
milligrams are added to form different NP concentrations

FIGURE 1. Block diagram representation of nanofluid synthesis by the
two-step method.

of NFs In this experiment, 0.0012%, 0.0022%, 0.003% and
0.004% of NP solutions are prepared for each type of NP.
To disperse the NPs completely into the solution, the solution
undergoes the ultra-sonication process, which utilizes sound
energy having alternating high and low pressure for the dis-
persion. Sonication is the process in which the ultrasound
waves whose frequency value of 20 kHz (20,000 cycles per
second) or higher are used to create the vibrations for the
dispersion of NFs. The solution is kept in the ultrasonicator
for around 2-3 hours. The sample was changed after every six
repetitive breakdowns.

C. ELECTRICAL MEASUREMENT
The performance of any insulating oil can be investigated by
some specific set of experimental analyses in the form of
withstand breakdown strength, dielectric measurement, etc.
Both the measurements have been taken into consideration in
this article to investigate and analyze prepared NFs.

The first measurement is the AC breakdown strength of
NFs as the transformer functioning is based on the AC
voltage source. The dielectric breakdown involves numerous
pre-breakdown stages and is observed by the development of
an arc which is the electrical short circuit causing a large flow
of the current between the electrodes. The BDVs of different
NF samples are recorded using the oil breakdown tester as
per IEC 60156 with two standardized electrode configura-
tions as shown in Figure 2(a) and 2(b). The standardized
electrode configurations i.e., Verband Deutscher Elektrotech-
niker (VDE) electrode which is a mushroom-shaped elec-
trode, and spherical electrode with specific gaping between
them to provide different stresses conditions. According to
IEC 60156 standard, the method of dielectric breakdown test
is performed by applying an AC test voltage with the help of
a step-up transformer. The frequency range of the test voltage
should be between 48 Hz to 62 Hz. The voltage supplied
to the test sample should be 5 minutes after filling the oil
vessel up to the oil level and the air bubbles must not be
evident in the electrode gap. The voltage initially at zero,
is raised at a rate of 2.0 kVs−1± 0.2 kVs−1 and stopped till
the breakdown takes place. Figure 2(c) and 2(d) represents
the flashover in the form of visible spark during dielectric
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FIGURE 2. Automatic breakdown voltage tester for measuring breakdown
voltage of dielectric liquid; (a) VDE electrode configuration; (b)
Sphere-Sphere electrode configuration; (c) VDE electrode during dielectric
breakdown; (d) Sphere-Sphere electrode configuration during dielectric
breakdown.

breakdown. At least two minutes break is maintained in each
breakdown test and no gas bubble exists within the electrodes
gap before each breakdown measurement. Repetitive break-
downs are measured on each prepared fluid sample where
there were no NPs evident on the electrode during or after the
breakdown process. The concentration of each type of NPs is
kept consistent as much as possible in both base oil to attain
uniformity.

The second measurement is the dielectric permittivity of
the oil. The relative permittivity of the prepared NFs has been
calculated by using the dielectric constant kit and standard oil
test cell. The standard dielectric is a capacitance and dissipa-
tion factor (Tan δ) bridgewhichmeasures relative permittivity
based on the ratio of capacitance. The oil cell maintains the
uniform air gap at each surface of the electrodes.

III. RESULTS AND DISCUSSION
A. AC BREAKDOWN STRENGTH
The result of the prepared NFs needs to be analyzed
to properly observe the dielectric characteristics. Some
results of BDV of NFs are taken from author’s previ-
uos work [24]. The normalization of breakdown voltage
(BDV) is performed by dividing the mean breakdown volt-
age of NF (BDVmean_nf ) to the breakdown voltage of their
respected base oil (BDVmean_base_oil). The enhancement in the

breakdown strength needs to be investigated to evaluate the
performance of NF with the increase in NP concentration.
The percentage enhancement (1BDV (%)) is calculated by
using the formula as shown in equation (1).

1BDV (%) =
(

BDVmean_nf

BDVmean_base_oil
− 1

)
∗ 100 (1)

The comparative results of all NFs with different electrode
configurations are provided in Figure 3. The variation in aver-
age breakdown voltage with varying NF concentration are
plotted. The mean breakdown voltage (BDVmean) and stan-
dard deviation are also significant for repetitive breakdown
testing as shown in Figure 3. The percentage breakdown
enhancement for each NF at the individual NP concentrations
is denoted in the graph accordingly alongwith the range in the
breakdown strength at each point. The electrode system VDE
is represented by Mushroom-Mushroom (M-M) electrode
system while the sphere-sphere (S-S) electrode system in all
figures. As the gap between the M-M electrode is larger than
the S-S electrode system which results in higher BDV for the
M-M electrode system for each insulating fluid.

Each NF can sustain a specific amount of NP concentration
which can be considered its saturation point or critical point.
Beyond the saturation point, the addition of NP in the base oil
negatively influences its characteristics. The enhancement in
the breakdown voltage of the prepared magnetic NF is due to
high electron scavenging property of the dispersed nanopar-
ticles during the application of the high voltage. Electron
scavenging property of slow moving nanoparticles decrease
the rapid motion of electrons, which subdue the streamer
formation, and lead to increase in the breakdown strength
of the prepared NFs. The variation in normalized BDV for
iron phosphide NP-based NFs is shown in Figure 3(a). Fe3P
NPs-based NFs initially show positive enhancement with the
addition of up to 0.0022% NP concentration with synthetic
ester oil as a base fluid. Beyond this point, the normalized
BDV shows a negative enhancement or drop in BDV for
NP having the concentrations greater than 0.0022% with
synthetic ester as base fluid. It indicates nanoparticles create
agglomeration near the electrode developing high electric
field resulting in lowering the breakdown voltage of NF. The
saturation in the NP is achieved above 0.0022% as shown
in Figure 3(a). Breakdown strength is not measured above
0.004%, as BDV drop below base oil BDV.

When the base fluid in NF is changed to natural ester oil,
the saturation point goes beyond 0.004% NP as shown in
Figure 3(a) in both configurations. Also, Breakdown strength
keeps increasing with NP concentration with natural ester
oil. Natural ester oil shows more accumulation possibility
for NPs as compared to synthetic ester oil resulting in stable
dispersion at higher concentration.

Similar trends are shown by iron oxide NPs with synthetic
ester oil as a base fluid in NF as shown in Figure 3(b) except
that iron phosphide-based NF shows a larger drop as com-
pared with iron oxide-based NF. It is due to similar size and
similar magnetic nature of both compounds. Enhancement in
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FIGURE 3. The variation in breakdown strength of NFs with respect to NP
concentration consisting of mean value with variance at each
concentration level. (a) Enhancement in iron phosphide-based NFs;
(b) Enhancement in iron (II, III) oxide-based NFs; (c) Enhancement in
cobalt (II, III) oxide-based NFs.

breakdown voltage is up to 0.0022% concentration and then
drops with synthetic ester oil as base fluid. The maximum
breakdown voltage is achieved at 0.0022% concentration

TABLE 2. Properties of nanoparticles.

under the VDE electrode system while maximum enhance-
ment is found in the spherical electrode system. The maxi-
mum enhancement of 33.5% is achieved with iron phosphide-
based NFs as compared with iron oxide-based NFs.

For cobalt (II, III) oxide-based NFs as shown in
Figure 3(c), the breakdown voltage kept increasing with the
increase in the NP concentration indicating no saturation
point till the range of NP concentration taken in the exper-
iment. The non-achievement of saturation shows that the
maximum breakdown strength is above 0.004% NP concen-
tration. Therefore, the maximum enhancement for all cobalt
(II, III) oxide NFs is observed at 0.004% as saturation has
not been observed. The dissimilarities in trends observed in
cobalt oxides NF as compared with iron oxides or iron phos-
phide NFs are possibly due to the difference in the metallic
properties of the elements and size of NPs.

B. RELATIVE PERMITTIVITY
Table 3 represents the average relative permittivities of the
prepared nanofluids at different conditions. When compared
with the base oil, there has been a significant increase in the
relative permittivity for all the types of NFs at the specific
value of concentrations. Equation (2) is used to calculate the
percentage change in dielectric permittivity (1 ∈r (%)) of
NF with each increment in NP concentration.

1 ∈r (%) =
(
∈r_nf

∈r_base_oil
− 1

)
∗ 100 (2)

where, ∈r_nf is the relative permittivity of NF and ∈r_base_oil
is the relative permittivity of base oil.

Figure 4 shows the graphical comparisons of the relative
permittivities of three types of NFs at different concentra-
tions for two types of insulating oils. Figure 4(a) shows that
percentage change in NFs with base fluids as synthetic ester
oil where the maximum percentage change among all three
NPs occurs at iron phosphide NP-based NF. Iron phosphide-
based NF shows the highest permittivity at 0.003% NP con-
centration among the three NFs, whereas, cobalt (II, III) oxide
shows the least for synthetic ester base oil. The higher value of
permittivity signifies more charge accumulation capacity of
dielectric materials. Iron phosphide shows maximum charge
accumulation capability among all three NPs which results
in higher relative permittivity of the NF. Cobalt (II, III) oxide
shows less efficiency toward charged particles as compared
to other magnetic NPs. The effective relative permittivity of

163320 VOLUME 8, 2020



M. R. Hussain et al.: Dielectric Performance of Magneto-NFs for Advancing Oil-Immersed Power Transformer

TABLE 3. Average relative permittivities of prepared nanofluids at different concentrations.

FIGURE 4. (a) Relative permittivity of NFs with synthetic ester oil as a
base fluid; (b) Relative permittivity of NFs with natural ester oil as a base
fluid.

the NFs depends on the polarization of the molecules present
in the solution. When the concentration of the solution is
increased the number of particles increase indicating higher
polarization than the host fluid. Therefore, the permittivity
of prepared NFs increase. However, the permittivity declined
due to the unstable nanoparticles in the solution.

The percentage change in relative permittivities of NFs
with natural ester as base oil are shown in Figure 4(b). Iron

(II, III) oxide-based NF shows the highest relative permit-
tivity at 0.0022% of NP concentration, but its permittivity
drops drastically with increasing NP concentration. Whereas
iron phosphide-based NF shows a continuous increase in
permittivity with increasing NP concentration. On compar-
ing base fluids, the relative permittivity of NF with natural
ester oil shows better results as compared to synthetic ester
oil. With the increase in NP concentration beyond the sat-
uration point, dielectric properties drastically changed. Iron
phosphide-based NF with natural ester oil shows promising
results as compared with other prepared NFs.

C. STATISTICAL ANALYSIS
The multiple and lengthy data set of breakdown voltages
require the estimation through a probability distribution
model since normal distribution provides unclear or erro-
neously low probability [25]. Weibull distribution is an
accepted technique to determine the probability distribu-
tion of the breakdown strength. Weibull distributions are
employed in many reliability and lifespan evaluations, which
is based on the failure of the whole chain due to the presence
of a weakest or failed link in it. The results comprise of
more than 20 breakdowns for each prepared NFs and base
oils. The equation (3) is the 2-parameter Weibull probabil-
ity density function having shape parameter (k) and scale
parameter (c) [26]. The voltage stress limit is governed by
these two parameters.

f (V ) =
dF (V )
dV

=
k
c
.

(
V
c

)k−1
.e
−

(
V
c

)k
(3)

V, c, and k are voltage (kV), scale factor, and shape fac-
tor (dimensionless) respectively. The cumulative distribu-
tion function (Weibull function) can be examined using
equation (4).

F (V ) =
∫ V

o
f
(
V̇
)
˙dV =1− e

−

(
V
c

)k
(4)

The shape parameter (k) of Weibull distribution governs
the most suitable member in the Weibull distribution fam-
ily as it determines the Weibull slope (threshold parame-
ter). A greater k value signifies a lesser discreteness of the
population. The scale factor assesses the characteristic life
of the sample under investigation. The breakdown strength
at 63.2% and 1% probability are significant to provide the
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TABLE 4. Shape parameter of prepared nanofluids at different concentrations (M-M).

TABLE 5. Shape parameter of prepared nanofluids at different concentrations (S-S).

TABLE 6. Scale parameter of prepared nanofluids at different concentrations (M-M).

detailed of failures possibility in NFs and it can be easily
determined using two-parameter Weibull distribution for the
voltage dataset.

In this experiment, Weibull analysis is performed to visu-
alize the breakdown probability of prepared NFs as the aver-
age breakdown characteristics are not deterministic. Figure 3
shows the enhancement of the breakdown voltage whose
value is taken as the average. Whereas, during the Weibull
analysis, each reading of the breakdown voltage for each
prepared NFs is taken into consideration, and accordingly,
points on the graphs have been plotted. While recording
the breakdown voltage of the NFs, the values of breakdown
voltage are different whose illustrations are provided by the
Weibull distribution curve with the breakdown probability.
Therefore, by this analysis, the probability of breakdown of
NFs at different voltage is analyzed. The shape parameter

for VDE electrode and sphere electrode configurations are
estimated and tabulated in Table 4 and 5, respectively. The
Scale parameter for VDE electrode and sphere electrode
configurations are estimated and tabulated in Table 6, and 7,
respectively. Further, the breakdown strength at 63.2% and
1% probability are tabulated in Table 8, 9, and 10 for iron
phosphide, cobalt (II, III) oxide, and iron (II, III) oxide-based
NFs respectively to analyze probability distribution for each
prepared NF.

For the graphical analysis of Weibull distribution, Figure 5
represents the Weibull Probability Distribution of failure (%)
with respect to breakdown voltage (kV) for different NPs in
synthetic ester oil-based NFs. Both the electrode configura-
tions have been plotted for NF with different NP concentra-
tions. Iron phosphide, cobalt (II, III) oxide, and iron (II, III)
oxide-based NFs are represented in Figure 5(a), (b) and, (c)
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TABLE 7. Scale parameter of prepared nanofluids at different concentrations (S-S).

TABLE 8. Different breakdown voltage probabilities of iron phosphide based nanofluids.

TABLE 9. Different breakdown voltage probabilities of cobalt (II, III) oxide based nanofluids.

TABLE 10. Different breakdown voltage probabilities of iron (II, III) oxide based nanofluids.

respectively. Among all iron phosphide-based NF prepared,
the maximum breakdown voltage at 63.2% was 82.1 kV at
0.0022% concentration for synthetic ester oil in the M-M
electrode configuration. Among all iron oxide-based NFs
prepared, the maximum breakdown voltage at 63.2% was
80.58 kV at 0.0022% concentration for synthetic ester oil in
the M-M electrode configuration.

Figure 6 shows theWeibull Probability Distribution of fail-
ure (%) with respect to breakdown voltage (kV) for different
NPs in natural ester oil-based NFs. Figure 6(a), (b), and (c)
represent the iron phosphide, cobalt (II, III) oxide, and iron
(II, III) oxide NP-based NF respectively with similar NP con-
centration range. Among all cobalt oxide-based NF prepared,
the maximum breakdown voltage at 63.2% was 81.34 kV
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FIGURE 5. The Weibull probability distributions of the breakdown of NFs
with synthetic ester oil as a base fluid (a) Iron Phosphide-based NFs;
(b) Cobalt (II, III) oxide-based NFs; (c) Iron (II, III) oxide-based NFs.

at 0.004% concentration for natural ester oil in the M-M
electrode configuration.

The research on iron phosphide-based NFs with natural
ester oil shows its applicability as dielectric fluids in the
futuristic transformer oil. The use of vegetable oil makes it
more eco-friendly as compared to conventional mineral oil.
However, there are several factors, which must be taken into
consideration while choosing the NFs. Factors such as the

FIGURE 6. The Weibull probability distributions of breakdown of NFs
with natural ester oil as a base fluid. (a) Iron Phosphide based NFs;
(b) Cobalt (II, III) oxide-based NFs; (c) Iron (II, III) oxide-based NFs.

effect of temperature, humidity, stability, and aging ofNFs are
among important considerations for selection. These factors
need to be evaluated and the optimization of NP concentration
can be investigated in future work.

IV. CONCLUSION
In this article, a comparative study on the effects of NPs in
synthetic ester oil and natural ester oil has been performed
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experimentally. The different electrode configurations have
been used to determine the breakdown voltage and relative
permittivity. The novel iron phosphide NPs have been pre-
pared and dispersed uniformly in ester oils by the two-step
method. Breakdown strength and relative permittivity of the
iron phosphide-basedNFs are comparedwith the other NFs in
terms of NP types and their concentrations. Further, Weibull
probability distribution curves have been plotted and the
tables have been formulated showing the breakdown voltages
at 1% and 63.2% probability.

All the NFs show enhancements in their breakdown
strength, which are requirements of the insulating oil.
The maximum breakdown strength is achieved with iron
phosphide-based NF at a specific concentration of NPs. The
evaluation of iron phosphide-based NFs further requires life
evaluation and stability, which can be improved to make
commercially competed. Future experimental analyses such
as moisture effect, temperature, resistivity, acidity, viscosity,
etc. need to be performed to determine the potential of iron
phosphide-based NFs to be used as the transformer oil.

APPENDIX
A. BACKGROUND OF NANOFLUID
Nanofluid (NF) is defined as a colloidal solution developed
with the stable dispersion of nanoparticles (NPs) in the base
oil using stabilizing agents that enhance or add the char-
acteristics in the prepared colloid [27]. Extensive research
activity on NFs has been devoted over the last decade, as the
addition of a few nano-sized particles in the medium not just
strengthen the existing characteristics of fluid but also intro-
duce new properties that enhance its applicability [28], [29].
Recently, many techniques have been employed to improve
the dielectric property of transformer oil with the addition of
NPs to improve quality and enhance the dielectric fluid [30].
The enhanced dielectric and thermal properties of NFs as
compared to the corresponding base liquid insulation are the
reason for its futuristic applications in power transformers.

NFs are categorized into different categories based on
the NP types: ceramic. pure metallic, non- metallic, oxide,
carbide, alloy, nano-scaled liquid droplets, and carbon-based
NFs [31]. NFs applications are continuously developed in
different areas of engineering. Initially, the magnetic NFs
were fabricated using iron oxide which revealed enrichment
in the dielectric as well as thermal strength [32]. The nature of
insulating liquid can be polar or non-polar and both showing
improvements in their properties with the dispersion of NPs
at the optimum concentrations [33]. Various NPs including
magnetic, metallic, semi-conductive, and insulative nature
are used with different insulating mediums to improve the
quality of insulants. The other metal oxide NPs-based NFs
like TiO2 [19], SiO2, Al2O3, CuO, ZnO, MgO [34] show
enhancement in dielectric properties.

The magnetic NF is a colloid that constitutes magnetic
NPs dispersed in a carrier liquid with the help of a surfac-
tant as shown in Figure 7 [9]. Magnetic NFs have shown
some promising results in dielectric and thermal applications,

FIGURE 7. Dispersion of magnetic nanoparticles in the dielectric fluid [9].

which promotes further research. Possessing the magnetic
property, it is feasible to regulate the fluid flow, heat transfer,
and particle movement by the application of the magnetic
field. This exceptional property of magnetic NFs is utilized
in different fields like thermal engineering, electronics, bio-
engineering, etc. NFs as the dielectric fluid usually comprise
of mineral oil, synthetic oil, and vegetable oil as base fluid
to provide high dielectric strength. The surfactants cover the
NP’s active surface tominimize the possibility of coagulation.
This process helps to uniformly distribute the NPs into the
solution and improve the stability and heat transfer capabil-
ity [19].

B. INFLUENCE OF SURFACE CHARGING OF
NANOPARTICLES IN NANOFLUID
The polarizing characteristic of the magnetic NPs results in
the greater permittivity of NPs than the surrounding medium
indicating instantaneous surface charging. The relaxed mag-
netic NPs in the fluid behaves as the perfect conductors due
to extremely short relaxation time and the electric field line
converges on the NPs. Therefore, the uniform electric field
distribution is not appearing in NFs due to the presence of
NPs. The difference in the electric characteristics of NPs and
fluid causes non-uniform field which is given by the below
equations (5) & (6) [35]:

Er (r, θ) = E0cosθ

[
1+

{(
d3np
4r3

)(
εnp − εf

εnp + 2εf

)
e
−t/τ

}

+

{(
d3np
4r3

)(
σnp − σf

σnp + 2σf

)
(1− e

−t/τ )

}]
(5)

Eθ (r, θ) = E0sinθ

[
−1+

{(
d3np
8r3

)(
εnp − εf

εnp + 2εf

)
e
−t/τ

}

+

{(
d3np
4r3

)(
σnp − σf

σnp + 2σf

)
(1− e

−t/τ )

}]
(6)

where, E0 is the Electric field; (r, θ , z) is the cylindrical
coordinates at the time (t), ε is the absolute permittivity, τ
is the charge relaxation time, σ is electrical conductivity, NP
– NPs, f is the fluid. The calculation of charge relaxation time
is given by [36]:

τ =
2εf + εnp
2σf + σnp

(7)
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FIGURE 8. Electric displacement and polarization of insulating medium
due to the presence of conductive NPs under electric field [30].

Generally, the time scale for streamer build-up in the
stressed oil is between 10−10s and 10−6s. The NP inside the
insulating oils is shown in Figure 8 [30]. Figure 8(a) shows
the property of absorbing the ions when oil is undergoing the
ionization phase giving lesser freedom for the current path.
The lesser probability of breakdown at lower voltage thereby
giving inflated electrical stress-bearing capability as shown
in Figure 8(b) and 8(c). The limited absorption capability of
theNFs, when the absorption capability reaches the saturation
point as shown in Figure 8(d), the absorption of the electrons
is blocked, and breakdown takes place. When the concentra-
tion of NPs is raised, the absorption capability of the NFs
is elevated leading to a higher breakdown, when compared
to the lower concentration. This indicates that when the con-
centration of the NPs is raised, there is an enhancement in the
dielectric breakdown.

The finite element method (FEM) is widely used in the
visualization of the electric stress in power transformer insu-
lation [37]. Thus, it becomes widely used and very informa-
tive in determining the effect of the electric field on NFs [38],
[39]. In [38], the author explained the effect of NPs in the
transformer oil due to different dielectric properties creating
a non-uniform electric field. In [39], the author explains low
electric field stress near NP resulting in a higher breakdown
voltage of NFs. With a high surface current density of NPs,
easier streamer penetration happens in natural ester. The
impact of NPs on streamer development is proportional to
the delay in the breakdown of insulation. In [35], the author
performed the experiment showing the linear increase in the
negative ion charge density distribution from the ionization
zone to the needle electrode tip for pure transformer oil under
needle-sphere electrode system. Practically, charging decays
after reaching the saturation point in case of NFs which is
a contradiction to the expected linear charge density distri-
bution. The ionization of the NF results in the liberation of
both the positive as well as negatively charged particles with
the rapid increment in negatively charged particle density.
The positively charged particles are practically immobile due
to the higher weight as compared to the electrons. This is
the reason that the NPs come into contact with the electrons
more than the positively charged ions resulting in the neg-
atively charged nanostructure, thereby absorbing electrons.
As the NPs are crowded by negative charge, they repel the

movements of the electrons between the electrodes resulting
in the weakening charge absorption effectiveness, and lesser
possibility of the nanostructure to reach the saturation point.
Nanoparticles charge holding capacity (Qs) can be governed
by the equation 8 [38].

Qs =

−12πε1EoR
2 conductive particle

−12πε1EoR2
ε2

2ε1 + ε2
dielectric particle

(8)

where, Eo, R, ε1, and ε2 are applied electric field (V/m), the
radius of particle (m), permittivity of oil, and permittivity of
particle respectively. It is clear from Eq. (8), the NPs with
higher permittivity exhibits better charge holding capacity
due to increased trapping of charges. More charges at low
NF concentration results in higher trapping performance, and
higher breakdown strength. Also, the charge directly depends
on the radius (size) of NP. Therefore, the NP having a lower
size has a lower charge than a higher size NP. This means that
for the same NP under the same concentration but different
NP size, the number of NPs is higher for the lower NP size.
Due to this, it has been observed that at the same concentra-
tion, there is an increment in the total saturation charge for the
lower NP size than higher NP size. Therefore, the maximum
breakdown strength is higher for lower sized of NP at the
same concentration.

C. INFLUENCE OF NANOPARTICLES ON THE RELATIVE
PERMITTIVITY OF NANOFLUID
There are different methods proposed to find the influence of
nanoparticles on the relative permittivity of NFs asmentioned
in [40]. The type of NP plays an important role in the overall
relative permittivity of NFs. Maxwell-Garnett equation for
the calculation of the relative permittivity of themixed dielec-
tric (here NF) is [41]:

τ =
εr,n − εr1

εr,n + 2εr1
= ϕ

εr2 − εr1

εr2 + 2εr1
(9)

where, εr1 and, εr2 are relative permittivities of the host fluid
and spherical NP respectively. εr,n, and ϕ are the relative
permittivity of the NF and the spherical NP volumetric con-
centration respectively. In the case of transformer oil-based
NFs, the NP contribution can be considered to be negligible
due to very low volumetric concentration, resulting in the
negligible effect of relative permittivity by NP. To consider
the effect of NP on relative permittivity, the polarization
model is proposed in which both the host fluid molecules
and NP gets polarized. Polarization happens in the form of
fluid polarization, inner NP polarization as shown in Figure 9
[40]. Also, polarization takes place in the form of orienta-
tional polarization of charged NP when considered as a polar
molecule. Clausius-Mossotti expressed the relative permittiv-
ity of transformer oil-based NF (εr,n) considering all three
types of polarization by the equation [41]:

εr,n − 1
εr,n + 2

=
1
3ε0

(N1α1 + N2α2 + N2α3) (10)
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FIGURE 9. Polarization of oil molecule and NP in TF oil-based NFs [40].

where, α1, α2, and α3 are polarizability of transformer
oil molecule, NP due to inner polarization, and orienta-
tional polarization of charged NP when considered as polar
molecule respectively. N1 and N2 are per unit volume of the
number of molecules of transformer oil and NP respectively.

Clausius-Mossotti equation can be further deduced to the
following equation [40]:

εr,n − 1
εr,n + 2

=
ε1 − 1
ε1 + 2

+
ϕ

3
(ε2 − 1)

+
ϕ

3kT
πε0a3E2

0

(
εr2 − εr1

2ε1 + εr2

)2

(11)

where, k and T are Boltzmann constant and thermodynamic
temperature (◦K ) respectively. The inference of the polar-
ization of the NF is that upon the increase in the NP con-
centration increases the permittivity of the NF. However, the
experimental result of the relative permittivity of NFs may
not be linear [42].
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